A cosmic ray muon detection system is proposed for stability monitoring in the field of civil engineering, in particular for the static monitoring of historical buildings, where conservation constraints are severe and the time evolution of the deformation phenomena under study may be of the order of months or years. The stability monitoring of the wooden vaulted roof of the Palazzo della Loggia, located in the town of Brescia, Italy, has been considered as a case study. The feasibility, as well as the performance and limitations of a stability monitoring system based on cosmic ray tracking have been studied by Monte Carlo simulations. A study of possible systematic uncertainties is presented along with a realistic design for the construction of a measurement system prototype.
Introduction
Cosmic ray muons are elementary particles falling steadily on the Earth's surface as a consequence of the interactions of primary cosmic rays, mainly high energy protons coming from the sun and from the outer Galaxy, on atmospheric molecules [1] . The flux reaching the Earth's surface is about 10 000 µ (min m 2 ) −1 and the mean muon energy is 3-4 GeV. Since muons are much heavier than electrons and do not undergo nuclear strong force, they are highly penetrating in matter and their energy may be sufficient to penetrate tens of meters of rock.
The ubiquitous presence at the Earth's surface and the high penetration capability have motivated their use in fields beyond particle physics. Since the mid-twentieth century, attenuation of cosmic ray muons has been used to produce radiographies of large and inaccessible structures in the fields of geology, archeology, speleology [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In particular, several groups are actively working in the imaging of the inner structure of volcanoes and in the prediction of volcanic eruptions [12] [13] [14] [15] [16] [17] . Recently, Morishima and collaborators announced the discovery of a large 'void' in the Cheope pyramid [18] .
Proposals have been presented to obtain radiographic images of the interior of large vessels with dimensions over many tens of meters, where storage or long-term structural integrity is an important issue [19] . Potential uses of cosmic ray muon radiography in industrial applications have been explored [20, 21] , including the inspection of nuclear waste containers [22] and of the inner structure of a blast furnace [23] [24] [25] .
In 2003 a new method was proposed [26, 27] in which the angular scattering that every muon undergoes when crossing matter is exploited to inspect unknown objects hidden inside large volumes. This technique, known as muon tomography, needs a more complex apparatus. While the absorption technique requires the measurement of the muon position and direction only downstream of the object to be inspected, the technique based on muon scattering requires the measurement of muon position and direction both upstream and downstream, to measure the angular deviation of every single muon.
Muon tomography has been rapidly adopted for applications in the civil security domain [28] [29] [30] . It has also been proposed for the detection of radioactive orphan sources hidden in scrap metal containers [31] [32] [33] , to inspect the interior of blast furnaces [34] or legacy nuclear waste containers [35] . The method has also been proposed to perform a diagnosis of the damaged cores of the Fukushima reactors [36] and, recently, the fuel melt at Daiichi 1 has been assessed by muon data [37] .
A different use of cosmic rays was proposed in 2007 [38] , when the feasibility of an alignment system based on muon detection, applied to the monitoring of the structural alignment of a mechanical press, was demonstrated by means of Monte Carlo simulations. In particular, it was shown that the resolution obtainable with this technique were comparable to, if not better than, those of the existing alignment methods. The major limitation of muon detection-based alignment techniques is the fixed arrival rate of muons reaching the Earth's surface, as well as their wide angular distribution around the zenith direction. This implies rather large acquisition times in order to reach the desired precision.
However, a long acquisition time is not a very limiting aspect when alignment measurements have to be applied to the survey of civil structures, such as buildings or ancient palaces for static monitoring. Preliminary studies on a monitoring system for historical buildings have been previously reported with a basic detector configuration and without taking into account systematic uncertainties [39] [40] [41] [42] .
In the present paper, the concept is further developed and detailed. In sections 2 and 3 the motivations, the general principles and the measurement procedure are presented. A case study and the implemented simulation are described in section 4. Results are presented in section 5 along with a study of the systematic uncertainties. A design for the construction of a possible monitoring system prototype is described in section 6 while the conclusions are drawn in section 7.
Motivations
Historical buildings are landmarks of our history and represent an immense heritage for Europe in general and for Italy in particular. Their structural architectural vulnerability is a threat recognised also at regulatory institutional level. A key element of the conservation procedures is the monitoring of the structural stability, an essential entry into a continuously updated technical data sheet, hypothetically attached to each historical building. This assessment necessarily starts by the reconstruction of the static scheme of the building, which determines the path of the loads from the single structural element to the foundations and the level of stress on the various structural elements. Following this, the stability of the structure can be assessed mainly by measuring displacements or deformations, together with secondary quantities (e.g. humidity, temper ature, amplitude and frequency of natural vibration modes) and by analysing the state of preservation or degradation of structural components. The deformations can be associated with the measurement of the rotation of vertical elements, the opening of cracks, the deflection of horizontal elements, the depression of the vaults, the failure of vaults or roofs. The quantification of these effects can be obtained locally by using strainmeters or globally by measuring the relative displacement between several points of the structure, one of which is used as a reference. The global survey systems, which provide the most significant information, are currently based on optical measurements, on GPS technology, on vision-based methods and on sensors, such as velocimeters and accelerometers. Details about these techniques can be found in [43] [44] [45] [46] and references therein. A comparison with such technologies will be given in the following. The present work presents an original idea of an apparatus for the continuous monitoring of the structural stability of historical buildings, based on the reconstructed trajectories of a sample of cosmic rays. In essence, cosmic muons replace light rays of optical systems, with the primary advantage of being able to cross walls and structures between the elements to be monitored. This is a unique feature with respect to the techniques currently used.
The monitoring system
The design of the proposed stability monitoring system based on cosmic ray detection is described in the following. In such system, the muon tracking is provided by a well assessed detection technique in which scintillating fibers are read by silicon photomultipliers SiPM [35, [47] [48] . Details about the construction of these detectors are given in section 6.
A set of three square muon detection modules, of about (400 × 400) mm 2 area and about 6.0 mm thickness, are positioned horizontally on an appropriate mechanical structure at a distance of 500 mm from each other. This set-up corresponds to the 'muon telescope' shown in figure 1. The mechanical structure that connects the detectors will obviously be more robust than that shown in figure 1 . In particular the framework will be designed with three aspects in mind: protection against uneven thermal cycles and vibrations, arrangement of metrological verification with a high-performance coordinate measuring machine (CMM) before and after data collection, and capability to control, during data collection, crucial linear dimensions. The number of modules, also called detection planes in the following, has been chosen to allow for a minimal level of redundancy on the tracking information of the crossing muon.
Each detection module is based on two orthogonal layers of about 400 mm wide and 400 mm long, composed of 128 scintillating fibers with a (3.0 × 3.0) mm 2 cross section. The two layers are arranged along the x and y axes of a Cartesian reference system as shown in figure 1. They provide the measurement of the crossing position of an incident muon in the x and y coordinates with a pitch of 3.0 mm. Since the muons hit uniformly over the full surface of the scintillating fibers, the spatial resolution on the coordinate of the impact is expected to be σ = (3.0 mm)/ √ 12 0.9 mm. With this granularity on the crossing point and the described geometrical dimensions, the angular resolution of the telescopes in measuring the muon direction is expected to be about 3 mrad. The proposed monitoring system is composed by two identical telescopes, positioned one above the other, at a given distance, inside an historical building. The two telescopes are mechanically anchored to the building structure. We will refer to the two telescopes as 'lower telescope' and 'upper telescope'. Their initial horizontality is measured with standard instrumentation such as mechanical inclinometers. Floors or furniture may be interposed between them. The muon crossing point in x and y coordinates is defined as the position of the axis of the crossed scintillating fiber, on the corresponding layer, in the coordinate system shown in figure 1. For the cosmic ray muons, the three measured points on the three layers, for each coordinate, are fitted with a straight line in both telescopes. Tracks are reconstructed in the x − z and y − z views independently. In the following only the projection of the reconstructed tracks in the x − z plane is considered.
From the reconstruction of a sample of cosmic muons, the relative position x D and the relative inclination θ D between the two reference frames integral with the two telescopes are estimated. Having measured (
at a given time, that we can define as 'reference', each successive measurement of the same quantities provides a control of the stability of the relative position/inclination of the two telescopes. Since the detectors are anchored to the building, the detection of a relative movement would imply a deformation of the structure.
Reconstruction technique
As cited above, the proposed monitoring system allows for the changes in the relative position between two telescopes to be measured, even in presence of interposing materials. The reconstruction procedure needs to take into account the multiple Coulomb scattering of the particle by nuclei [49] [50] [51] . The net angular and spatial deflections are Gaussian-distributed random variables, because of the central limit theorem. The expected value for both the angular and spatial deflections is zero while the standard deviation of the angular deflection is a function of the thickness of the material, of its density and of its atomic number. In order to reduce the impact of the multiple Coulomb scattering on the measurement of the relative position and inclination between the telescopes, a robust geometrical approach based on a minimum χ 2 estimation method has been employed. The algorithm is independently applied to both x − z and y − z views and is here presented for the x − z case only.
Let us consider the two reference frames integral to the two telescopes, as described above. Assuming to know the z displacement between them, their relative position, in the x − z view, is fully described by the spatial variable x D , representing the relative displacement, and the angular variable θ D , representing the relative inclination. In most of the stability monitoring problems concerning historical buildings, measurable variations of the position between the two telescopes occur over a relatively long period of time, so that x D and θ D can be assumed to be constant during a data taking up to few days. When a muon crosses the detection system it is independently reconstructed in the two telescopes and the reconstructed tracks are extrapolated to a common plane. The difference between the x-coordinate of the two extrapolated points ( x h − x l ), as well as the angular difference between the track directions (θ h − θ l ) are then computed. In case of perfectly aligned telescopes, these variables are the net spatial and angular deflections due to the multiple Coulomb scattering, whose expected values are zero, as already said.
However, in general, a roto-translation of one telescope with respect to the other determines non-zero expected values for these variables, allowing for the estimation of x D and θ D from a minimum χ 2 estimation method, using the following χ 2 definition:
where σ x and σ θ are respectively the errors on the reconstructed x and θ respectively, the subscripts u and l refer to the higher and lower detectors, and the i index runs over all the reconstructed muons in the data taking. Although more refined strategies are possible, the main advantage of this approach is that it does not require any assumption on the interposing materials. The expected performance has been studied in the realistic case of an historical building in the City of Brescia, namely the Palazzo della Loggia. The stability of the roof of such a palace has been indeed monitored for ten years using a mechanical system. The performance of the proposed stability monitoring system can then be compared with the measurement requirements in this realistic case study and with the performance of the conventional method utilized. In the following section, a description of the case study and of the Monte Carlo simulations are presented.
The case study: the Palazzo della Loggia in Brescia, Italy

Overview of the case study
The Palazzo della Loggia, in the town of Brescia, Italy, was completed in 1574. Since then, it has cumulated a long sequence of damages, transformations, repairing interventions, some of which have generated considerable problems of structural stability of the building. The wooden vaulted roof, in particular, was completely reconstructed in 1914: its maximum elevation is 16 m, and its shape is that of an upsidedown ship, with planar rectangular sides of about 25 m and 50 m respectively. The structural architecture of the vault consists of principal truss wooden arches and simple secondary arches; both are connected at the top by a truss-made wooden beam. Immediately after its reconstruction, the roof structure underwent progressive deformations of the longitudinal top beam and of the key points of the connected arches. In particular, the progressive deflection of the top beam was measured to be 190 mm in 1923, 520 mm in 1945, 800 mm in 1980.
A systematic campaign of investigation using mechanical measurement systems was performed for more than ten years, from 1990 to 2001 [52] . On four, out of the seven principal arches, three couples of wires, 2.0 mm in diameter, one of steel and the other of invar, were stretched between symmetric points at three different levels: A1-B1, at the point of connection of the arches with the building structure; A2-B2 and A3-B3, on the arch reins as schematically presented in figure 2. The wire tension was maintained by means of a system of pulleys and balance weights.
The relative displacements of the pairs of symmetric points were continuously monitored by the differential elongation of the two wires.The elongation of the two wires was measured by a mechanical measurement system based on a vernier, with a sensitivity of 1/10 mm. Figure 3 shows the mutual displacements of the points A2-B2 of figure 2 as a function of the monitoring time, expressed in years. Cyclic seasonal deformations of the structure of the order of few millimeters are measured. In addition, superimposed to the seasonal cyclic deformations, a clear collapsing of the wooden structure of the arch is seen. The deformation trend amounts to about 1 mm per year.
It is worth remarking that the mechanical method adopted in [52] could only provide the measurement of the horizontal relative displacement of points of the wooden structure in opposite positions and not their absolute displacements with respect to a common reference system linked to the building structure.
The Monte Carlo simulation
The features and the expected performance of the proposed measurement system, applied to the case study, have been evaluated by means of a Monte Carlo package, based on GEANT4 [53] . The geometry and the relevant structural parts of the Palazzo della Loggia building as well as the structure and composing materials of the two telescopes were modeled.
In three specific simulations, the telescopes have been positioned one above the other at a different vertical distance ( 350 cm, 880 cm and 1300 cm). The lower telescope was placed 300 cm below a 15 cm thick wooden layer simulating the ceiling of the 'Salone Vanvitelliano' of the Palazzo della Loggia. In the following, we will refer to these three different configurations respectively as '∆z(350 cm)', '∆z(880 cm)' and '∆z(1300 cm)'.
Finally, to test the performance of the system in real conditions, an accurate cosmic ray muon generator based on experimental data was implemented in the code to simulate the momentum, the angular distribution and the charge composition of the cosmic ray radiation at the sea level [54] . 
Results
With the setup described above, simulations of the tracking of cosmic ray muons through the measurement system were performed in the three configurations previously defined.
Based on the reconstruction algorithm described above, a sample of cosmic rays can provide the relative position x D and inclination θ D of the two telescopes. For a given number of muons, we repeated the estimation many times and calculated the standard deviation of the obtained distribution. Figure 4 shows the distributions of the statistical variable x D for the three configurations, for a sample of 500 tracked muons. To collect the same statistics, due to geometrical acceptance and to the angular distribution of the cosmic muons, the three configurations need different time intervals: the closer the two telescopes, the shorter the time. For the ∆z(350 cm) configuration this number of muons correspond to about 1.5 h of data taking, 7.5 h for the ∆z(880 cm) configuration and 16 h for the ∆z(1300 cm) configuration, assuming a 100% muon detection efficiency for the scintillating fibers. The standard deviation of the distributions can be considered as the resolution with which the relative position x D and inclination θ D can be measured. As it is evident from figure 4, given the same statistics, the standard deviation depends on the distance between the telescopes: the closer the two telescopes, the better the accuracy.
As the lower telescope and the upper telescope are perfectly aligned in the simulation, the x D and θ D distributions are symmetric and centered at zero. The width of the distributions is due both to the resolution of the telescopes and to the multiple scattering suffered by the muon trajectories.
Measurement resolution versus taking time (no systematics)
For a given configuration, the resolution clearly depends on data taking time. Indeed as x D and θ D are estimated from a minimum chi-square method, their uncertainties depend on the sample size. In the three geometrical configurations, ∆z (350 cm), ∆z(880 cm) and ∆z(1300 cm), the expected acquisition rates of cosmic ray muons crossing the full system are respectively: 6.0 µ min 
Systematic uncertainties
The results presented above presume an exact knowledge of the geometry of the measurement system. Clearly this is not realistic since any mechanical structure holding the detectors has tolerances and uncertainties. In the following, the effect of the inaccuracies in the positioning of the detector planes and of the two telescopes on the precision of the measurement system itself is studied. As a first step, we investigated which are the possible effects in measuring the position and the orientation of a plane in space. While the position can easily be assessed with a resolution of ∼100 µm, the horizontality of a module can be measured, with standard instrumentation such as mechanical inclinometers, with a resolution of 2 min of degree or better. When considering a rotation around the vertical axis, instruments such as magnetometers, coupled to geometrical and optical measurements, can achieve resolutions of 0.10-0.15 degrees or better.
Given such values, in a specific simulation, each of the three detection planes of the two telescopes could be positioned, with respect to the 'nominal' position and orientation, extracting a Gaussian distributed random number having as standard deviation the values reported previously. In other words, for each detection plane, six parameters such as the δx, δy, δz, δθ x , δθ y and δθ z were extracted randomly and the module was correspondently positioned inside the telescope. On top of that also the relative position and orientation of the two telescopes, relatively one with respect to the other, was also set in the same way extracting random values from Gaussian distributions with the specified standard deviations. These values have been chosen taking into account the accuracy of commercial instrumentation, but clearly they are, even if reasonable, somehow arbitrary. A different choice can lead to different systematic uncertainties. Nevertheless, when building a real measurement system, the procedure can be reversed: given the displacement measurement resolution to be reached, a limit on the accuracy on the positioning of the system can be calculated. For what concerns possible deformations of the mechanical structure holding the detection modules, that could mimic deformation of the building to be monitored, specific attention in the design and construction should be taken. In principle the effects of such deformations should be negligible compared to the error in assessing the starting geometry. Nevertheless, periodic checks on some critical linear dimensions should be foreseen during data taking.
An unrealistic assumption that was taken when obtaining the results shown in figure 5 is a detection efficiency of 100%. A more realistic assumption is to estimate an efficiency, for a single fiber to detect a crossing muon, around 80%. Since the muons need to cross all the six layers of the two telescopes, this means an overall detection efficiency of about 30%. A reduction of about 1/3 in efficiency would simply imply that to obtain the same measurement resolution, compared to the results reported above, a data taking time of three times larger is needed.
Measurement resolution versus taking time with systematics
New simulations have been run including all the sources of systematics described above and assuming an overall detection efficiency of 33%. A differential calculation has been performed assuming that any relative movement of the monitoring system, that is of the two telescopes, can be attributed to the building structure they are anchored to. Following the procedure described above, extracting randomly the position and angular parameters of the detectors, 100 different geometries, for each of the ∆z(350 cm), ∆z(880 cm) and ∆z(1300 cm) configurations, have been defined and a specific Monte Carlo production has been run. In the reconstruction, on the other hand, the nominal geometry, where all the components of the monitoring system are perfectly aligned, has been used figure 6 . In a day of data taking the system is capable, in the three configurations respectively, to detect displacements of ∼0.3 mm, ∼1.3 mm and ∼3 mm and misalignments of ∼0.3 mrad, ∼0.6 mrad and ∼0.8 mrad. It is worthwhile noting that this resolution has been calculated assuming the same data taking length both for the reference measurement and for the control measurement.
The monitoring of the displacement of the three inspected points in the wooden vaulted roof of the Palazzo della Loggia could provide performances compatible with the requested resolution and with the time scale characteristic of the deformation phenomenon. Typical time scales, in the case of Palazzo della Loggia and, in general, for historical buildings, may span over several years. Indeed, from figure 6, it is possible to conclude that the proposed stability monitoring system based on cosmic ray tracking can detect a displacement of 1 mm after an elapsed time of less than 10 d. Therefore, the proposed measurement device could be an adequate stability monitoring system in the case study considered. Moreover this system, if compared with the one used to collect the measurements shown in figure 3 , has clear advantages, such as that it is not intrusive, it does not require bulky permanent installations and the presence of technical personnel for control and maintenance.
The resolution shown in figure 6 is clearly specific to the case study of Palazzo della Loggia. To estimate the error when measuring displacements and misalignments in different conditions, a dedicated Monte Carlo simulation would be needed, profiting of the available information on the building structure. The results of the simulation could be validated with real data in a calibration campaign to be performed after the installation of the measuring system in the operating conditions. In this calibration phase, the experimental data could be compared with the expected one by the simulation and a tuning of the Monte Carlo parameters be performed.
Design of a real monitoring system
As outlined above, the measurement system configuration is based on six detector planes, arranged in two telescopes. Each plane is made of two layers of scintillating fibers orthogonally arranged. The light generated by a crossing particle in each fiber will be detected by silicon photomultipliers (SiPM- [55] and references therein). SiPM have also been used in the development of 'cosmic ray telescopes' for Volcano tomography [15] and cargo scanning [56] . However, these applications had less stringent requests on the particle impact point resolution and used fibers of triangular shape with a pitch of 3 cm and light collection by a wavelength shifting fibre connected to the sensor. The required sensitivity for the application targeted here requires a higher granularity by one order of magnitude, shifting the main challenge to system aspects in view of a cost-effective implementation. The direct coupling of the fiber to the sensor is a key point: simulation results provide a mean value of the deposited energy equal to 500 keV. Assuming a typical light yield of 10 000 photons MeV −1 , an attenuation length of the order of 1 m and a SiPM photon detection efficiency exceeding 30%, a very high signal can be expected, allowing for the suppression of events due to spurious avalanches in the SiPM preserving a high detection efficiency. A preliminary test on a Teflon coated fiber with 3 × 3 mm 2 cross section and 200 mm length confirmed the expectations. Provided the amplitude of the signal, for the sake of system simplification the baseline design of the front-end will be based on a binary output, identifying the fiber hit by the cosmic muon in every layer. Because of the number of sensors and their density, the front-end will be based on Application Specific Integrated Circuits. Once more, because of the signal intensity, the requests on the fine adjustment of the sensor bias at individual detector level and the gain stabilization by a temper ature feedback are not expected to play a significant role but the robustness will obviously be experimentally assessed. Advantages related to the read-out by sensors at both ends of the fiber will be carefully evaluated with reference to the enhancement of the noise rejection and efficiency increase versus the scaled-up cost of the system. Event triggering is also considered a minor issue since the data rate is not expected to exceed 6 events min −1 when the two arms are 3.5 m apart, dropping to 0.5 events min −1 at 13 m distance. Therefore, the baseline assumption is to run the system trigger-less, with a software event building based on time stamped pushed data. A significant advantage of the system would possibly result by a wireless data transmission to a receiving station, with processed data made available for a remote real-time event reconstruction and the relevant deformation analysis. The amount of data is not expected to be overwhelming. However, a key issue will be the choice of the transmission protocol, in view of the walls and floors interspaced between the transmitter and the receiver. The goal is to construct a prototype of the proposed monitoring system in the near future.
Conclusions
Cosmic ray muon detection techniques are assessed for measurement applications in the field of civil engineering and may be particularly suitable for static monitoring of historical buildings, where the evolution of the deformation phenomena under study is of the order of months or years.
For particular applications, the performances of this system may be competitive in respect to the ones of monitoring systems today widely employed and generally referred to as structural health monitoring (SHM) methods. Some examples are given in [43] [44] [45] [46] and references therein. Conventional monitoring methods have been used with accelerometers and surveying equipment, such as the theodolite, both utilizing cabled sensors or more recently also wireless sensors and sensor networks. In recent years also vision-based systems are being studied for remote estimation of structure vibrations, greatly simplifying the measuring system installations. Optical systems based on coherent Lidars are also widely used to precisely measure the vibration velocity of remote targets. As an example they allow the monitoring of potentially damaged buildings, for their diagnosis at a safe distance after a seismic event. All these techniques are mostly devoted to measuring the dynamic response of structures and their measuring coverage are broad, that is, they are applicable for identifying high frequency ranges. However, they can hardly assess static and quasi-static displacement. For these measurements GPS-based systems are surely more indicated. They are capable of providing fast and accurate measurements of static position, and they have been used in the survey of big structures such as long span bridges.
The method proposed in this work is clearly indicated for static monitoring and in this sense it is complementary to most of the SHM techinques. With respect to the GPS-based systems on the other hand it would be interesting to compare the relative performances on a test-field campaign on the same structure. The main advantage of using cosmic rays is clearly that this technique allow to monitor internal parts of buildings with high resolution even if such parts are not visible one to another.
Other appealing features of the proposed monitoring system are: (i) the use of a natural and ubiquitous source of radiation; (ii) the applicability also in presence of horizontal and/or vertical building structures interposed between the reference system and the parts to be monitored; (iii) the limited invasiveness, and the flexibility and easiness of installation of the monitoring system devices; (iv) the use of established technologies in the field of nuclear and particle physics.
Limiting features are the cosmic ray multiple scattering and the fixed rate of cosmic ray radiation, which makes this technique generally unfit for applications where promptness of response is requested. The performance of such measurement system strongly depends on the particular application under study, in particular on the building structure geometry and composition. However, the system performance in any specific situation may be easily evaluated by Monte Carlo calcul ations and the system can be designed accordingly.
As an example, in the case study presented in this work, as summarized in figure 6 , the system is capable to detect a displacement of about 1 mm at at distance of 13 m in just few days.
The availability of muon detector modules featuring characteristics suitable to satisfy the specific application requirements is essential for the described technique to be realistically proposed. Scintillating fibers of square cross section few millimeter side read by silicon photomultipliers appear as very promising candidates, coping well the requirements of robustness, efficiency, stability and reliability, absence of any hazard, low cost that such a system should necessarily perform to be proposed for possible applications.
